Persistent myofibroblast activation distinguishes pathological fibrosis from physiological wound healing, suggesting that therapies selectively inducing myofibroblast apoptosis could prevent progression and potentially reverse established fibrosis in diseases such as scleroderma, a heterogeneous autoimmune disease characterized by multiorgan fibrosis. We demonstrate that fibroblast-to-myofibroblast differentiation driven by matrix stiffness increases the mitochondrial priming (proximity to the apoptotic threshold) of these activated cells. Mitochondria in activated myofibroblasts, but not quiescent fibroblasts, are primed by death signals such as the proapoptotic BH3-only protein BIM, which creates a requirement for tonic expression of the antiapoptotic protein BCL-X L to sequester BIM and ensure myofibroblast survival. Myofibroblasts become particularly susceptible to apoptosis induced by "BH3 mimetic" drugs inhibiting BCL-X L such as ABT-263. ABT-263 displaces BCL-X L binding to BIM, allowing BIM to activate apoptosis on stiffness-primed myofibroblasts. Therapeutic blockade of BCL-X L with ABT-263 (navitoclax) effectively treats established fibrosis in a mouse model of scleroderma dermal fibrosis by inducing myofibroblast apoptosis. Using a BH3 profiling assay to assess mitochondrial priming in dermal fibroblasts derived from patients with scleroderma, we demonstrate that the extent of apoptosis induced by BH3 mimetic drugs correlates with the extent of their mitochondrial priming, indicating that BH3 profiling could predict apoptotic responses of fibroblasts to BH3 mimetic drugs in patients with scleroderma. Together, our findings elucidate the potential efficacy of targeting myofibroblast antiapoptotic proteins with BH3 mimetic drugs in scleroderma and other fibrotic diseases.
INTRODUCTION
Activated myofibroblasts orchestrate tissue repair by integrating complex signals from the wound microenvironment. Although the mechanisms driving myofibroblast activation have received much attention, less is known about the resolution of the repair program, which likely involves apoptosis of activated myofibroblasts or reversion of these cells to a quiescent phenotype (1) (2) (3) (4) (5) . Failure of myofibroblasts to undergo apoptosis or revert to a quiescent phenotype may contribute to the excessive production, remodeling, and cross-linking of extracellular matrix (ECM) that characterizes progressive fibrotic diseases (6) (7) (8) and drives disease progression to end-organ failure and death (7) . A major insight into tissue repair and fibrosis pathogenesis has been the discovery that the biophysical properties of tissues undergoing repair, increased matrix stiffness, can participate in a positive feedback loop with myofibroblast activation and persistence (9, 10) . In this loop, increased matrix stiffness promotes myofibroblast differentiation and activation (9) . The increased deposition and cross-linking of ECM proteins produced by these activated myofibroblasts further increases matrix stiffness, completing this amplification loop. However, how this amplification loop is terminated during normal wound healing but persists in progressive fibrotic disease is unclear. We and others have recently demonstrated that interrupting mechanical signaling pathways (mechanotransduction) reduces tissue fibrosis and induces apoptosis of stiffness-activated myofibroblasts (6, (11) (12) (13) (14) (15) . In contrast, inhibition of mechanotransduction pathways in nonactivated fibroblasts in normal tissue environments does not induce their apoptosis. These findings imply that stiffness-activated myofibroblasts, traditionally viewed as apoptosis-resistant cells, depend on continual mechanical signals for survival. The mechanistic basis for this phenomenon is largely unknown.
Matrix stiffness induces fibroblast-to-myofibroblast differentiation by modulating the activity of fibroblast integrins, which transmit mechanical force from the matrix to the actin cytoskeleton through multiprotein complexes called focal adhesions. Focal adhesion-associated proteins such as focal adhesion kinase (FAK) initiate biochemical signaling that stimulates Rho-associated protein kinase (ROCK)-dependent actin remodeling. Stiffness-induced actin polymerization drives nuclear translocation of two sets of transcriptional coactivators: myocardin-related transcription factor-A (MRTF-A) and MRTF-B, and yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) (16, 17) . When nuclear, these coactivators induce profibrotic gene expression that drives fibroblast-to-myofibroblast differentiation (18, 19) . Recent data showed that target genes regulated by matrix stiffness also include the BCL-2 gene (11) . BCL-2 encodes the protein BCL-2 (B cell leukemia/lymphoma 2), which belongs to the BCL-2 family of proteins and has previously been described as a major regulator of the mitochondrial pathway of apoptosis. The BCL-2 protein family members are divided by function into four subfamilies: effector, activator, antiapoptotic, and sensitizer proteins (20, 21) . Structurally, BCL-2 family members contain one or more of the four conserved BCL-2 homology (21, 22) domains, designated BH1, BH2, BH3, and BH4. Activation of the proapoptotic multidomain "effectors" BAK and BAX initiates apoptosis through the pore-forming activities of these proteins, which induce mitochondrial outer membrane permeabilization (MOMP). MOMP results in the release of caspase-activating factors such as cytochrome c into the cytoplasm, leading to cell death. BAX and BAK activation requires the binding of the proapoptotic BH3-only "activator" protein BIM or BID. More recently, the BH3-only protein PUMA has also been shown to have activator functions (23) . The ability of BAX and BAK to produce MOMP can be prevented by "antiapoptotic" multidomain BCL-2 family members, such as BCL-2 itself, BCL-X L , BCL-W, MCL-1, and A1 (Bfl-1), which can directly bind and block both effector and activator proteins. Last, a fourth subset of BCL-2 proteins, BH3-only "sensitizers" including BAD, NOXA, HRK, PUMA, and BMF, indirectly promote apoptosis by binding antiapoptotic family members and displacing activator proteins from them. The freed activators can then initiate apoptosis by activating BAX and BAK. The observation that survival of stiffnessactivated myofibroblasts is dependent on continual mechanotransduction suggests that pro-and antiapoptotic BCL-2 family members are differentially regulated during fibroblast-to-myofibroblast differentiation. Thus, we hypothesize that the expression of proapoptotic BCL-2 family members is increased during myofibroblast differentiation driven by matrix stiffness, a mechanism that would predispose myofibroblasts to be rapidly eliminated upon completion of tissue repair. As a result, stiffness-activated myofibroblasts are exquisitely sensitive to death after a decrease in prosurvival mechanical signaling (11) . Such a system would explain the dependence of stiffness-activated myofibroblasts on continuous mechanotransduction. This model provides a mechanism for the resolution of tissue repair. Furthermore, dysregulation of this system may lead to persistence of activated myofibroblasts, which contributes to progressive tissue fibrosis.
We have previously defined the term "mitochondrial priming" as a measure of the proximity of mitochondria to the threshold of apoptosis (24) (25) (26) . The closer a cell's mitochondria are to the activation threshold that initiates permeabilization of the outer mitochondrial membrane, the more primed that cell is. The balance between proapoptotic and antiapoptotic BCL-2 family members thus defines a cell's mitochondrial priming. Mitochondria loaded with proapoptotic proteins are more predisposed toward apoptosis, a cellular state we call "primed for death" (27) . Cells primed for death are highly dependent on the expression and function of specific antiapoptotic BCL-2 family members to block prodeath signaling and ensure their survival (25) , and blockade of these antiapoptotic protein(s) in highly primed cells results in a rapid induction of apoptosis (24, 28, 29) . Using BH3 profiling, a functional assay that we developed to measure cell mitochondrial priming (25, 30) , here, we demonstrate that fibroblast-to-myofibroblast differentiation driven by matrix stiffness increases overall mitochondrial apoptotic priming (proximity to apoptosis) in these activated cells, which become primed for death and "addicted" to BCL-X L expression to ensure survival. Therapeutic blockade of BCL-X L by the BH3 mimetic drug ABT-263 (navitoclax) induced myofibroblast apoptosis and effectively treated established dermal fibrosis in a mouse model of scleroderma. Our studies also demonstrate that the extent of mitochondrial priming assessed by BH3 profiling predicts apoptotic responses to BH3 mimetic drugs in fibrotic fibroblasts from patients with scleroderma. Together, our findings elucidate the potential therapeutic efficacy of targeting myofibroblast antiapoptotic proteins with BH3 mimetic drugs in scleroderma and other fibrotic diseases.
RESULTS

Fibrosis increases dermal stiffness in a mouse model of scleroderma
We and others have shown that inhibiting the ability of activated myofibroblasts to sense or respond to physical signals delivered to them by stiff conditions in vitro induces their apoptosis (9, 11, 31) . To confirm the relevance of these findings in the development of dermal fibrosis in vivo, we first measured dermal tissue stiffness in a mouse model of scleroderma fibrosis induced by subcutaneous injections of bleomycin (32) . The development of dermal fibrosis in this model is noted by increased dermal thickness and hydroxyproline content (33, 34) . To characterize the changes in tissue stiffness associated with the development of dermal fibrosis, we used atomic force microscopy (AFM) microindentation to map local elastic properties of thin slices of fresh mouse skin samples, harvested after 28 daily subcutaneous injections of either phosphate-buffered saline (PBS) or bleomycin (Fig. 1, A and B) . Elastographs from AFM microindentation mapping of 80 × 80 mm areas demonstrated marked differences in the range and distribution of tissue stiffness in the dermis of fibrotic skin compared to control (Fig. 1, C and D) . Saline-challenged skin had a median Young's modulus of 2.45 kPa (n = 695, from five PBS-treated mice), with few areas demonstrating stiffness of >3 kPa. Bleomycin-challenged skin exhibited an overall increase in tissue Young's modulus to a median of 14.20 kPa (n = 1339, from five bleomycin-treated mice), with localized increases in stiffness to >30 kPa in the skin dermis (Fig. 1D ).
Increased matrix stiffness sensitizes myofibroblasts to apoptosis induced by inhibition of mechanotransduction pathways To examine the effects of augmented matrix stiffness on susceptibility of primary human dermal fibroblasts (HDFs) to apoptosis induced by inhibition of mechanotransduction, we cultured these cells on collagencoated polyacrylamide hydrogels of 4 kPa (soft) and 50 kPa (stiff) Young's modulus, representing the stiffness observed in normal and fibrotic skin, respectively. Exposure of HDFs to increased stiffness induced their differentiation into myofibroblasts, characterized by increased a-smooth muscle actin (a-SMA) expression (Fig. 1, E and F) , as we previously described (9) . We then inhibited mechanotransduction in HDFs using a panel of agents to target different components of mechanotransduction pathways, including (i) RGD peptides and an anti-b 1 integrin subunit blocking antibody to target adhesion molecules that bind the matrix, (ii) the FAK inhibitor PF-562,271 and the ROCK inhibitor Y-27632 to target mechanosensitive signaling enzymes, (iii) latrunculin B to target actin dynamics, and (iv) the MRTF inhibitor CCG-1423 to target actin polymerization-sensitive transcriptional coactivators. Each agent, except latrunculin B, has previously demonstrated efficacy in mouse models of fibrotic diseases in vivo (11, 14, 31, 35, 36) , although the mechanisms of their antifibrotic activity in these models are not yet fully understood. We found markedly increased HDF apoptosis induced by each of these agents when cells were cultured on stiff matrix (Fig. 1, G to L) . These results indicate that interruption of mechanotransduction pathways causes the apoptosis of myofibroblasts exposed to pathologically increased (50 kPa) but not physiologically normal (4 kPa) matrix stiffness.
Matrix stiffness induces myofibroblast mitochondrial priming for apoptosis
To elucidate the molecular mechanisms that increase the susceptibility of stiffness-exposed myofibroblasts to apoptosis induced by inhibition fig. S1B ), indicating that inhibition of mechanotransduction in stiffness-exposed myofibroblasts activates the mitochondrial pathway of apoptosis. The mitochondrial pathway of apoptosis can also be activated through the extrinsic apoptotic pathway via caspase-8-mediated generation of truncated BID (tBid), an activator of BAX/BAK. Pharmacological inhibition of caspase-8 with emricasan showed no effect on the ability of PF-562,271 to induce MOMP and apoptosis in HDFs ( fig. S1 , A and B), indicating that inhibition of mechanotransduction induces apoptosis of stiffnessexposed myofibroblast by activating the mitochondrial (intrinsic) pathway of apoptosis.
On the basis of these data, we hypothesized that increased susceptibility of stiffness-exposed myofibroblasts to apoptosis induced by inhibition of mechanotransduction is due to a high state of mitochondrial priming of these cells. BH3 profiling of HDFs cultured on hydrogels of defined stiffness ranging from 4 to 50 kPa measured the proximity of cells to the apoptotic threshold or their mitochondrial priming (24) (25) (26) . In our BH3 profiling assay, HDFs are exposed to a panel of peptides derived from the BH3 domains of BCL-2 family activators or sensitizers, which mimic the proapoptotic activities of these BH3-only proteins ( Fig. 2A) . Different peptides in the panel give information on the different aspects of the mitochondrial pathway assessed based on the molecular interactions between the different BCL-2 protein subfamilies that control mitochondrial apoptosis (Fig. 2B) . The predicted binding of the various peptides used in our BH3 profiling assay is summarized in Fig. 2C . Mitochondrial depolarization induced by these peptides is used as a surrogate indicator of MOMP in this assay and is measured with the fluorescent dye JC-1, which is sensitive to changes in the mitochondrial electropotential gradient across the inner mitochondrial membrane. We have previously shown that JC-1 fluorescence provides a good surrogate for MOMP (30) and that this fluorescence can track mitochondrial depolarization in cells using the proton ionophore carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) as a positive control, which dissipates the mitochondrial transmembrane potential gradient in these cells.
The BH3 peptides derived from the activators BIM and BID directly bind and activate the proapoptotic effectors BAX and BAK (Fig. 2, B and C). If these effectors are present and functional in the cells being profiled, then saturating concentrations of BIM-and BID-derived peptides should induce complete mitochondrial depolarization. We found that BIM-and BID-derived peptides induced complete mitochondrial depolarization of HDFs at all stiffnesses tested (Fig. 2D) , indicating that mitochondrial cell death effectors BAX and BAK are expressed and fully operational in these fibroblasts across this stiffness range.
To measure overall mitochondrial priming of HDFs cultured on different stiffnesses, we used a BH3 peptide derived from PUMA, which binds to and inhibits all BCL-2 antiapoptotic subfamily proteins but does not directly activate BAX or BAK in BH3 profiling assay. Because PUMA blocks all BCL-2 antiapoptotic proteins, the extent of mitochondrial depolarization induced by the PUMA-derived BH3 peptide depends only on the amount of proapoptotic activator proteins (BIM or BID) expressed in these cells. In this context, antiapoptotic proteins are blocked by PUMA-derived BH3 peptide, and freed proapoptotic activators can now bind and activate effectors BAK and BAX to induce MOMP: the more mitochondrial depolarization induced by the PUMAderived BH3 peptide, the higher the amount of proapoptotic activators in the studied mitochondria. In our studies, the PUMA-derived BH3 peptide induced increasing mitochondrial depolarization in HDFs cultured on increasingly stiff matrices, providing evidence that fibroblasts exposed to a stiff fibrotic microenvironment increase their mitochondrial priming (Fig. 2, D and E) . Our results suggest that elevated matrix stiffness in tissue fibrosis induces fibroblast-to-myofibroblast differentiation, which increases overall mitochondrial apoptotic priming (proximity to apoptosis) in these activated cells, a state we call primed for death.
BCL-X L preserves mitochondria outer membrane integrity in stiffness-primed myofibroblasts Our BH3 profiling assay can also assess which antiapoptotic proteins do cells that are primed for death become addicted to for their survival. To determine which antiapoptotic proteins protect stiffness-primed HDFs from apoptosis, we exposed these cells to BH3 peptides derived from the sensitizers BAD and HRK and the peptide MS1. In contrast to PUMA, BAD and HRK bind and block only certain antiapoptotic proteins: BAD binds BCL-2, BCL-X L , or BCL-W, whereas HRK binds only BCL-X L . The MS1 peptide specifically blocks MCL-1 (37) . Consequently, BAD-derived peptides will induce mitochondrial depolarization of primed cells that depend on BCL-2, BCL-X L , and/or BCL-W, but not MCL-1 or Bfl-1, for their survival (Fig. 2C) . In contrast, HRK-derived peptides will induce mitochondrial depolarization only in primed cells that depend on BCL-X L for their survival, and the peptide induces mitochondrial depolarization only in primed cells that are dependent on MCL-1 (Fig. 2C) . Our results revealed that exposure to BAD peptides induced increasing mitochondrial depolarization as matrix stiffness increased, indicating that survival on stiff matrices is maintained by any combination of the three prosurvival members targeted by BAD (Fig. 2, D and F) . When we exposed HDFs to HRK peptides, which inhibit BCL-X L but not BCL-2 or BCL-W, mitochondrial depolarization was induced on increasingly stiff matrices to the same extent as BAD peptides, indicating that BCL-X L , rather than BCL-2 or BCL-W, is responsible for HDF survival on stiff matrices (Fig. 2, D and G) . In contrast, treatment of HDFs with MS1 peptides had no effect on mitochondrial depolarization on any matrix stiffness tested (Fig. 2, D and H) , indicating that MCL-1, the prosurvival target of MS1, did not contribute to survival of HDFs exposed to increased stiffness. Together, these results indicate that, as increasing matrix stiffness primes HDFs for death (Fig. 2I ), these cells become specifically dependent on BCL-X L for their survival.
The BIM/BCL-X L axis regulates susceptibility of stiffness-primed myofibroblasts to apoptosis Our functional studies using BH3 profiling indicated that increased matrix stiffness increases mitochondrial priming in myofibroblasts and that these primed cells become dependent on BCL-X L to survive in stiff fibrotic tissues. To investigate the molecular determinants of increased mitochondrial priming produced by increased stiffness, we quantified the expression of apoptosis-related genes in HDFs that were plated on soft (4 kPa) or stiff (50 kPa) hydrogels. Our HDF expression profiling demonstrated that matrix stiffness did not increase mRNA and protein expression of the proapoptotic effector BAX or BAK (Fig. 3, A and B) , suggesting that changes in the amount of these effector proteins do not contribute to priming. In contrast, high stiffness increased mRNA and protein expression of the proapoptotic BH3-only activator BIM (Fig. 3,  A and B) . We did not observed increased expression of activator BID mRNA or increased cleaved/truncated BID (tBID) protein with increasing stiffness, indicating that matrix stiffness does not activate the extrinsic pathway of apoptosis in myofibroblasts (Fig. 3, A and B) . Together, these results suggest that matrix stiffness-induced BIM expression could be responsible for the increased mitochondrial priming observed in stiffnessexposed myofibroblasts.
Our HDF expression profiling further demonstrated that matrix stiffness increased mRNA and protein expression of the antiapoptotic proteins BCL-2 and BCL-X L , but not MCL-1, BCL-W, or A1 (Fig. 3, A and B). These results suggest that BCL-2 and/or BCL-X L up-regulation on stiff matrices could prevent the apoptosis of stiffness-primed fibroblasts. To distinguish the functional contributions of these two antiapoptotic proteins to the survival of stiffness-primed HDFs, we blocked stiffness-induced BCL-2 or BCL-X L protein expression by small interfering RNA (siRNA). Western blots revealed greater than 90% reduction in target mRNA and protein expression after 48 hours of siRNA transfection ( fig. S2 ). The effects of these knockdowns were then determined by BH3 profiling, using PUMA-derived peptides, to assess the extent of mitochondrial apoptotic priming in HDFs. For HDFs grown on 50 kPa matrices, BCL-X L knockdown markedly increased HDF mitochondrial depolarization in response to PUMA-derived peptides to 87%, compared to 64% of fibroblasts transfected with nontargeting control siRNA (Fig. 3C ). In contrast, BCL-2 knockdown had no effect on HDF mitochondrial depolarization induced by PUMA-derived peptides compared with nontargeting control siRNA. For HDFs grown on 4 kPa matrices, neither BCL-X L nor BCL-2 knockdown had marked effects on HDF mitochondrial depolarization in response to PUMA-derived peptides. These results suggest that increased expression of BCL-X L prevents stiffnessprimed myofibroblasts to undergo apoptosis.
To test this hypothesis, we measured apoptosis of siRNA-transfected HDFs after culture on soft (4 kPa) or stiff (50 kPa) matrices for 96 hours. For HDFs grown on 50 kPa matrices, BCL-X L knockdown markedly increased apoptosis to 56%, compared to 9% of HDFs transfected with nontargeting siRNA controls (Fig. 3D ). In contrast, BCL-2 knockdown had no significant effect on HDF apoptosis on stiff matrices. For HDFs grown on 4 kPa matrices, neither BCL-X L nor BCL-2 knockdowns had significant effects on apoptosis. To demonstrate that BIM-mediated mitochondrial priming drives HDF apoptosis on stiff matrices, we cotransfected HDFs with siRNAs targeting BCL-X L (or nontargeting control) and the proapoptotic activator BIM (or nontargeting control). As demonstrated in Fig. 3E , BIM knockdown rescued HDFs on stiff matrices from the increased apoptosis induced by BCL-X L knockdown. Together, the BIM/BCL-X L axis regulates susceptibility of stiffness-primed myofibroblasts to apoptosis.
Inhibition of BCL-X L function with the BH3 mimetic drug ABT-263 induces apoptosis of stiffnessprimed myofibroblasts To complement our studies genetically knocking down BCL-X L expression in stiffness-primed myofibroblasts, we performed studies blocking BCL-X L function with BH3 mimetic drugs (small molecules designed to Nontargeting siRNA was used as a control. Apoptosis was assessed by annexin V staining. Data are means ± SD from three independent experiments. P value was determined by Student' s t test. (F and G) Effect of BH3 mimetic drugs ABT-199 (BCL-2 inhibitor) and ABT-263 (BCL-X L inhibitor) on mitochondrial priming (F) and apoptosis (G) of HDFs exposed to 4 or 50 kPa matrix stiffness. Dimethyl sulfoxide (DMSO) was used as a control. Mitochondrial priming was determined by BH3 profiling using the PUMA-derived peptide (10 mM). FCCP is used as a positive control for mitochondrial depolarization. Apoptosis was assessed by annexin V staining. Data are means ± SD of three replicate wells for each peptide. P value was determined by Student's t test. (H) BIM is sequestered by BCL-X L in stiffness-exposed myofibroblasts and displaced by antagonism of BCL-X L by ABT-263. Anti-BIM immunoprecipitation of whole-cell lysates (50 mg) from HDFs exposed to 4 or 50 kPa matrix stiffness for 24 hours and then treated with or without ABT-263 (1 mm) for 6 hours. BIM and BCL-X L were immunoblotted. (I) Effect of siRNA-mediated BIM knockdown on ABT-263-induced apoptosis of HDFs exposed to 50 kPa matrix stiffness. Nontargeting siRNA was used as a control. Apoptosis was assessed by annexin V staining. Data are means ± SD from three independent experiments. P value was determined by Student's t test. (J) Model of ABT-263-induced myofibroblast apoptosis. Prosurvival BCL-X L is sequestered by prodeath BIM in stiffness-exposed myofibroblasts. Upon treatment with ABT-263, BIM is displaced and BCL-X L becomes occupied by ABT-263. Freed BIM then interacts with BAX or BAK, which initiates apoptosis in myofibroblasts.
block the function of antiapoptotic BCL-2 proteins). We first tested the effects of ABT-263 (38) , an orally bioavailable derivative of the prototype BH3 mimetic ABT-737, which binds to the hydrophobic BH3-binding groove of BCL-X L and blocks its ability to bind and sequester the BH3-only protein BIM (39) . ABT-263 also blocks the antiapoptotic activities of BCL-2 and BCL-W. For HDFs grown on 50 kPa but not 4 kPa matrices, ABT-263 treatment markedly increased mitochondrial depolarization in response to PUMA-derived BH3 peptide, compared to fibroblasts treated with vehicle only, in a dose-dependent manner (Fig. 3F) . In contrast, ABT-199, a BH3 mimetic that selectively inhibits only BCL-2 (40), had no marked effect on HDF mitochondrial depolarization induced by PUMA-derived BH3 peptide. Consistent with our knockdown experiments described above, ABT-263 markedly increased apoptosis assessed after 48 hours in HDFs grown on 50 kPa matrices to 71 ± 7%, compared to 7 ± 4% of HDFs treated with vehicle control (Fig. 3G) . In contrast, ABT-199 had no marked effect on HDF apoptosis on stiff matrices. For HDFs grown on 4 kPa matrices, neither ABT-263 nor ABT-199 had marked effects on apoptosis of these cells. We and others have previously shown that the mechanism of action underlying ABT-263 proapoptotic activities relies on releasing BIM from complexes with BCL-X L and/or BCL-2 (24, 27) . To further assess the mechanism of ABT-263 proapoptotic responses in myofibroblasts, we performed coimmunoprecipitation of BIM/BCL-X L complexes from whole-cell lysates extracted from HDFs cultured on soft (4 kPa) or stiff (50 kPa) matrices. ABT-263 treatment led to loss of BIM binding to BCL-X L in stiffness-exposed myofibroblasts, which is consistent with the notion that ABT-263 induces myofibroblast apoptosis by releasing proapoptotic BIM from BCL-X L (Fig. 3H) . Accordingly, the increased apoptosis of stiffness-exposed HDFs induced by ABT-263 was abrogated by siRNA-mediated knockdown of BIM (Fig. 3I) . Together, our data support a model where (i) increased stiffness of fibrotic tissues induces fibroblast-to-myofibroblast transformation, which primes these cells for death by increasing the expression of the proapoptotic activator BH3-only protein BIM; (ii) integrity of the mitochondrial outer membrane requires up-regulation of the antiapoptotic protein BCL-X L , which binds and inhibits BIM to ensure myofibroblast survival; and (iii) pharmacological blockade or knockdown of BCL-X L releases BIM, which directly binds and activates BAX and BAK to induce myofibroblast apoptosis on stiff, but not soft, matrices (Fig. 3J ).
ABT-263 reduces dermal fibrosis and promotes myofibroblast apoptosis in vivo
On the basis of our findings, we hypothesized that therapeutic targeting of BCL-X L with ABT-263 could treat established dermal fibrosis by inducing apoptosis of stiffness-primed myofibroblasts in vivo. Immunofluorescence staining revealed that myofibroblasts in the fibrotic skin of bleomycin-challenged mice had increased abundance of both BCL-X L and BCL-2 compared to saline-challenged controls (Fig. 4, A and B) . Mouse dermal fibroblasts (MDFs) isolated from bleomycin-challenged skin demonstrated markedly increased sensitivity to apoptosis induced by ABT-263 compared to saline-treated skin (Fig. 4C) . In contrast, the median inhibitory concentration (IC 50 ) of ABT-199 for apoptosis induction was not significantly different for bleomycin-challenged versus saline-challenged MDFs. Quantitative polymerase chain reaction (qPCR) analysis confirmed that BIM and BCL-X L mRNA were up-regulated in MDFs isolated from bleomycin-challenged versus saline-challenged skin, consistent with increases in mitochondrial priming in these cells (Fig. 4D) . We then examined the therapeutic potential of BH3 mimetic drugs to treat established fibrosis in the bleomycin dermal fibrosis model (Fig. 4,   E and F) . When administered orally once daily at 100 mg/kg in a therapeutic regimen beginning 14 days after the onset of daily bleomycin challenges, ABT-263 markedly reduced bleomycin-induced dermal fibrosis compared to vehicle treatment, as assessed at day 28 by trichrome staining of the skin for collagen, measurement of skin dermal thickness, and whole-skin hydroxyproline content (Fig. 4, G to I ). Day 28 dermal thickness was reduced by 58% in bleomycin-challenged, ABT-263-treated mice compared to bleomycin-challenged, vehicle-treated mice; day 28 skin hydroxyproline was reduced by 46% with the ABT-263 treatment. In contrast, administration of ABT-199 demonstrated no marked effects on dermal fibrosis (Fig. 4, G to I) .
To gain insight into the mechanism of action of ABT-263 in the dermal fibrosis model, we assessed myofibroblast apoptosis in situ by concurrent a-SMA and cleaved (active) caspase-3 staining of skin sections. Consistent with our in vitro studies, ABT-263 increased the number of caspase-3 + apoptotic myofibroblasts in fibrotic skin by 64%, reducing the total number of myofibroblasts by 74% (Fig. 4, J to M) . In contrast, ABT-199 had no marked effects on dermal myofibroblast apoptosis or numbers (Fig. 4, L and M) . To evaluate the effect of ABT-263 treatment on immune cells (neutrophils, inflammatory monocytes, and dendritic cells), which also play a pathological role in myofibroblast activation and fibrosis (41), we performed flow cytometry analysis of skin tissues from mice treated with or without ABT-263 after saline or bleomycin challenge. Our data showed that ABT-263 treatment did not affect the total number of leukocytes that increased in bleomycintreated animals (Fig. 4N) . There was no significant difference in the number of neutrophils, inflammatory monocytes, or dendritic cells that were present in the skin of bleomycin-challenged, ABT-263-treated mice compared to bleomycin-challenged, vehicle-treated mice (Fig. 4, O to Q) . Together, these results suggest that ABT-263 promotes myofibroblast apoptosis in vivo without affecting the inflammatory response.
Forced expression of a-SMA is sufficient to increase mitochondrial priming in HDFs Our results indicate that mitochondrial priming is increased in stiffnessexposed myofibroblasts; however, it still remains unknown whether increased mitochondrial priming results from environmental stresses of the fibrotic tissue such as matrix stiffening or as a consequence of the phenotypic transformation from quiescent fibroblast to activated a-SMA-positive myofibroblasts driven by stiffness. We generated a nonreplicative recombinant adenovirus expressing human a-SMA fused to red fluorescent protein (Ad-a-SMA-RFP) to investigate whether forced expression of a-SMA is sufficient to prime HDFs for death. Adenovirus-mediated overexpression of a-SMA-RFP resulted in dose-dependent increase in a-SMA mRNA and protein expression compared to null adenovirus (Fig. 5, A to C) . Forced expression of a-SMA markedly increased both BIM and BCL-X L mRNA expression, indicating that increased amount of the a-SMA protein is sufficient to augment mitochondrial priming in HDFs (Fig. 5, D and E) . Accordingly, HDFs transduced with a-SMA-RFP-overexpressing adenovirus increased sensitivity of HDFs to ABT-263-induced apoptosis up to 73%, compared to 17% of HDFs transduced with null adenovirus [ Fig.  5F ; Ad-null ABT-263 IC 50 = 389 ± 26 nM; Ad-a-SMA-RFP ABT-263 IC 50 = 28 ± 17 nM]. We also investigated the converse, whether mitochondrial priming and sensitivity to ABT-263-induced apoptosis is modulated in a-SMA-negative fibroblasts, by generating a nonreplicative recombinant adenovirus expressing both short hairpin RNA (shRNA) against a-SMA and green fluorescent protein (Ad-U6-shRNA-a-SMA-CMV-GFP). Adenovirus-mediated overexpression of a-SMA-shRNA resulted in a dose-dependent decrease in a-SMA mRNA and protein expression compared to null adenovirus (Fig. 5, G to I) . Accordingly, knockdown of a-SMA resulted in decreased BIM and BCL-X L mRNA expression, and decreased sensitivity to ABT-263-induced apoptosis of HDFs plated on stiff matrix ( . Three hundred cells were counted per condition. Data are means ± SD (n = 4 for all groups). P value was determined by two-way ANOVA. (N to Q) Effect of ABT-263 or ABT-199 treatment on immune cell populations in mice treated with bleomycin or saline control, (N) total number of leukocytes, (O) neutrophils, (P) inflammatory monocytes, and (Q) dendritic cells. n = 4 for all groups. Graphs are means ± SD. P value was determined by two-way ANOVA. . Together, our data suggest that increased mitochondrial priming and sensitivity to ABT-263-induced apoptosis results from increased a-SMA expression in myofibroblasts, indicating that the phenotypic shift involved in fibroblast-to-myofibroblast differentiation induced by matrix stiffness is responsible for the decreased apoptotic threshold observed in myofibroblasts.
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Mechanosensitive YAP/TAZ signaling controls BCL-X L expression in stiffness-primed myofibroblasts We and others have previously shown that myofibroblast differentiation induced by matrix stiffness is controlled by mechanosensitive transcriptional coactivators YAP and TAZ (18, 42) . In culture, matrix stiffness drives accumulation of YAP/TAZ in the nuclei of human fibroblasts, which is required to induce the expression of profibrotic genes including a-SMA. A recent study has shown that YAP signaling promotes human lung cancer cell survival by up-regulating BCL-X L protein expression in these cells (43) ; thus, we reasoned that mechanosensitive YAP/TAZ signaling may similarly promote survival of primed myofibroblasts by controlling BCL-X L expression. Our studies showed that knockdown of YAP expression by siRNA markedly increased apoptosis to 52% in HDFs primed for death by forced adenoviral a-SMA overexpression, compared to 8% of unprimed HDFs transduced with null adenovirus (fig. S3, A and C) . Similarly, TAZ knockdown significantly increased apoptosis to 46% in primed HDFs, compared to 5% of unprimed HDFs (fig. S3, B and C) . Moreover, dual YAP/TAZ knockdown further increased apoptosis to 82% of primed HDFs compared to 18% of unprimed HDFs. Mechanistically, YAP/TAZ knockdowns resulted in decreased mRNA expression of prosurvival BCL-X L ( fig. S3D ), indicating that both YAP and TAZ control mitochondrial priming and survival of primed for death HDFs. To complement our studies involving genetic knockdown of YAP/ TAZ expression in primed HDFs, we studied whether forced induction of YAP or TAZ activation is sufficient to protect fibroblasts from ABT-263-induced apoptosis, using NIH3T3 fibroblasts expressing doxycyclineinducible mutant YAP or TAZ constructs in which the serine residues in the cytoplasmic retention signal are substituted with alanine (hereafter referred to as YAP5SA or TAZ4SA cells), allowing YAP or TAZ to constitutively accumulate in the nucleus of these cells (18) . Forced induction of YAP or TAZ activation promoted fibroblast resistance to apoptosis induced by ABT-263 treatment by increasing BCL-X L ( fig. S3,  E and F) . Together, our results indicate that YAP/TAZ signaling directly controls mitochondrial priming and survival of primed HDFs by inducing the expression of prosurvival BCL-X L .
Mitochondrial priming predicts responsiveness of scleroderma fibroblasts to BH3 mimetics Using BH3 profiling, we have previously shown that the extent of mitochondrial priming predicts clinical responses to antitumor therapy and prognosis in cancer cells (44) (45) (46) . We hypothesized that BH3 profiling might similarly guide treatment decisions in human scleroderma, a heterogeneous disease for which functional tests to predict clinical responses to novel antifibrotic therapies are lacking. BH3 profiling of HDFs isolated from skin biopsies from scleroderma patients (n = 6) and healthy controls (n = 6) was used to assess mitochondrial priming (Fig. 6A) . Using PUMA-derived BH3 peptide, four of the six sets of scleroderma HDFs (SSc3 to SSc6) showed increased mitochondrial priming (reduced apoptotic thresholds) compared to the six sets of normal control cells (N1 to N6) (Fig. 6B) . We then investigated whether differences in HDF mitochondrial priming would predict the sensitivity of these cells to apoptosis induced by 48 hours of ABT-263 treatment. Considering scleroderma patient and control subject HDFs together, we found that the extent of apoptosis induced by ABT-263 in HDFs markedly correlated with the extent of mitochondrial priming of these cells (Fig. 6C) , indicating that mitochondrial priming predicts cell apoptotic responses to BH3 mimetics.
Scleroderma fibroblasts depend on different antiapoptotic BCL-2 proteins for survival
Despite the significant overall correlation we observed between mitochondrial priming and apoptosis induced by ABT-263 in scleroderma HDFs, highly primed scleroderma HDFs isolated from different patients exhibited substantial variability in their responsiveness to this BH3 mimetic. Two sets of scleroderma fibroblasts, SSc5 and SSc6, responded poorly to ABT-263 treatment despite being highly primed (Fig. 6C) . Because ABT-263 only blocks BCL-X L , BCL-2, and BCL-W, we hypothesized that other BCL-2 prosurvival members might be responsible for resistance to ABT-263-induced apoptosis in these subsets of scleroderma fibroblasts. To test this hypothesis, we performed BH3 profiling with BAD-derived, HRK-derived, and MS1 peptides to functionally identify which antiapoptotic BCL-2 proteins these cells depend on for their survival. Whereas the HRK BH3 peptide induced mitochondrial depolarization in SSc3, SSc4, SSc5, and SSc6 HDFs, depolarization was also induced in SSc5 and SSc6 by the MS1 peptide (Fig. 7A and fig. S4 ). These results indicate that whereas BCL-X L promotes the survival of HDFs from each of these four scleroderma subjects, MCL-1 also contributes to the survival of SSc5 and SSc6 HDFs. Consistent with these BH3 profiling studies, gene expression profiling confirmed that SSc6 HDFs display high expression of both BCL-X L and MCL-1 mRNA compared to N3 HDFs, whereas in SSc4 HDFs only BCL-X L was elevated (Fig. 7B) . These data are consistent with increased MCL-1 expression in SSc6 HDFs mediating the resistance of these cells to ABT-263. To support this conclusion, we investigated whether siRNA Single-cell suspension of fibroblasts obtained from scleroderma cell lines (passage 2 to 4) or from fresh skin primary biopsy from scleroderma patients is subjected to BH3 profiling assays. Diagram adapted with permission from (27) . RFU, relative fluorescence units. (B) Heat map of mitochondrial depolarization caused by the BIM, BID, and PUMA peptides (measurement of overall "priming") in dermal fibroblasts isolated from six patients with scleroderma (SSc) compared to six healthy controls (N). Individual patient codes are shown along the x axis, and samples are ordered according to increasing depolarization by peptide. The concentration of peptides in the assays was 100 mM except for MS1 (10 mM). PUMA2a peptide was used as a negative control, and FCCP was used as a positive control for mitochondrial depolarization. (C) Mitochondrial depolarization caused by the HRK peptide in scleroderma patient samples compared with their responses to ABT-263-induced cell apoptosis. Plot showing correlation between D% priming induced by HRK peptide and D% cell death at 48 hours upon ABT-263 treatment. Data are means ± SD from three independent experiments. P value was determined by two-tailed Spearman rank test.
knockdown of MCL-1 would augment the ability of ABT-263 to induce apoptosis of SSc6 HDFs. ABT-263-induced apoptosis increased from 39 to 86% upon MCL-1 depletion (Fig. 7C) . Similarly, pharmacological inhibition of MCL-1 with S63845, an MCL-1-selective BH3 mimetic, restored sensitivity of SSc6 HDFs to ABT-263-induced apoptosis (Fig. 7D) . Elevated cancer cell MCL-1 expression has been shown to be a major mechanism of resistance to BH3 mimetics targeting other antiapoptotic BCL-2 proteins in certain cancer patients (47) , and our results here suggest that increased myofibroblast MCL-1 expression could similarly be an important resistance factor to BH3 mimetics such as ABT-263 in subsets of scleroderma patients.
Mitochondrial priming and expression of BCL-2 family proteins is controlled by mechanotransduction pathways in scleroderma fibroblasts
To further investigate the mechanism through which inhibition of mechanotransduction induces the apoptosis of stiffness-primed HDFs, we investigated the effects of inhibitors of two mechanosensitive signaling enzymes, FAK and ROCK, on the mitochondrial priming of these cells. Using BH3 profiling, we found that FAK inhibition with PF-562,271 markedly increased mitochondrial priming of stiffnessprimed HDFs ( fig. S5A) . Similarly, inhibition of ROCK signaling with Y-27632 also increased mitochondrial priming of these cells ( fig. S5A ), albeit to a lesser extent than the FAK inhibitor PF-562,271. These results correlate with the extent of apoptosis induced by these two inhibitors in stiffness-primed HDFs (Fig. 1, J and K) . To delineate the molecular mechanism underlying these findings, we investigated the effect of FAK and ROCK inhibition on the expression of BCL-2 family members in stiffness-exposed fibroblasts. FAK inhibition diminished mRNA and protein expression of both BCL-X L and MCL-1 compared to vehicle, but not BCL-2 ( fig. S5, B to D) . In contrast, ROCK inhibition markedly reduced mRNA expression of BCL-2 compared to vehicle control, but not of BCL-X L or MCL-1 ( fig. S5B ). These results indicate that antiapoptotic BCL-X L expression on stiffness-primed myofibroblasts is controlled by prosurvival FAK signaling rather than ROCK signaling, and that inhibition of FAK signaling with PF-562,271 reduces antiapoptotic BCL-X L protein in stiffness-primed myofibroblasts, increasing the mitochondrial priming of these cells up to the apoptotic threshold and initiating the mitochondrial pathway of apoptosis. Excessive mechanosensitive signaling, including FAK and ROCK activation, appears to be essential for the profibrotic activities of scleroderma fibroblasts (48) (49) (50) . Because FAK and ROCK signaling also control the expression of different BCL-2 antiapoptotic proteins in stiffness-activated myofibroblasts, we investigated whether manipulation of these mechanosensitive pathways in scleroderma fibroblasts would similarly affect mitochondrial priming in these cells. We focused our studies on SSc6 HDF line, which relies on BCL-X L and MCL-1, but not on BCL-2, for survival. As noted, MCL-1 overexpression in SSc6 HDFs is responsible for the resistance to apoptosis induced by the BCL-X L inhibitor ABT-263 (Fig. 7, C and D) . Because FAK signaling also controls MCL-1 expression in stiffness-primed myofibroblasts, we rationalized that pharmacological inhibition of FAK with PF-562,271 would similarly reduce MCL-1 expression in SSc6 HDFs and would therefore sensitize these cells to ABT-263-induced apoptosis. We confirmed that FAK inhibition diminished mRNA expression of both BCL-X L and MCL-1, but not of BCL-2, in SSc6 HDFs, whereas ROCK inhibition reduced mRNA expression of BCL-2, but not of BCL-X L or MCL-1, in the same cells (Fig. 7E) . Functional studies demonstrated that pretreatment of SSc6 HDFs with low doses of PF-562,271 (20 nM) Data are means ± SD from three independent experiments. P value was determined by Student's t test. (E) Effect of inhibition of mechanotransduction pathways on the expression of pro-and antiapoptotic family members in Scleroderma 6 fibroblasts. Cells were treated for 24 hours with the FAK inhibitor PF-562,271 or the ROCK inhibitor Y-27632, and gene expression was analyzed by qPCR. GAPDH was used as a housekeeping gene. Data are means ± SD from three independent experiments. P value was determined by Student's t test. (F) Effect of PF-562,271 before treatment for 24 hours on ABT-263-induced mitochondrial depolarization in Scleroderma 6 fibroblasts. DMSO was used as a vehicle control. Data are means ± SD from three independent experiments. (G) Effect of PF-562,271 before treatment for 24 hours on ABT-263-induced apoptosis in Scleroderma 6 fibroblasts. DMSO was used as a vehicle control. Data are means ± SD from three independent experiments. P value was determined by Student's t test.
markedly increased the sensitivity of these cells to ABT-263-induced mitochondrial depolarization. The IC 50 of ABT-263 for mitochondrial depolarization of SSc6 HDFs markedly decreased from 135.6 nM for ABT-263 alone to 60.64 nM for ABT-263 plus PF-562,271 (Fig. 7F) . Finally, we demonstrated that pretreatment of SSc6 HDF with PF-562,271 restored the sensitivity of these cells to ABT-263-induced apoptosis, consistent with MCL-1 down-regulation by FAK inhibition (Fig. 7G) . Together, these results indicate that mechanotransduction pathways control myofibroblast mitochondrial priming and that inhibitors of these pathways can be exploited therapeutically, and in a patientspecific fashion, to induce apoptosis of primed myofibroblasts from patients with scleroderma.
DISCUSSION
The increased stiffness of fibrotic tissues, rather than simply being the consequence of fibrosis, is now appreciated to actively contribute to fibrosis progression. We and others have demonstrated that increased stiffness contributes to myofibroblast activation and persistence (9, 10). Paradoxically, increased tissue stiffness also gives drugs that target mechanotransduction pathways the ability to induce myofibroblast apoptosis (6, 11, 31, 51, 52) , potentially increasing the therapeutic index of these agents in fibrotic diseases. The mechanism(s) responsible for this effect of increased tissue stiffness, however, had not been fully elucidated. By adapting our BH3 profiling assay to evaluate the sensitivity of fibroblasts to undergo apoptosis, we present evidence that fibroblast-to-myofibroblast differentiation induced by matrix stiffness increases mitochondrial priming of myofibroblasts (the proximity to initiate the intrinsic pathway of apoptosis) (24) (25) (26) . On the molecular level, mitochondrial priming is determined by the relative balance between proapoptotic and antiapoptotic BCL-2 family members. As noted, mitochondria of stiffness-activated myofibroblasts are "primed" with proapoptotic BH3 activator proteins, a cellular state we previously called primed for death (27) . In this state, cells require up-regulation of prosurvival proteins for survival. We found that mitochondrial priming in stiffness-activated myofibroblasts results from up-regulation of the proapoptotic BH3-only activator protein BIM. Cells primed for death are highly dependent on the expression and function of specific antiapoptotic BCL-2 family members to block pro-death signaling and ensure their survival (25) . We found that the mitochondrial integrity of stiffness-primed myofibroblasts is maintained by concomitant upregulation of BCL-X L and that stiffness-primed dermal myofibroblasts are addicted to the ability of BCL-X L to sequester BIM and block its proapoptotic function. Our findings indicate that BCL-X L expression in stiffness-primed myofibroblasts is controlled by integrinmediated mechanotransduction pathways including FAK signaling. Here, we show that targeting FAK signaling with PF-562,271 rapidly suppresses the expression of BCL-X L and induces apoptosis of stiffnessprimed myofibroblasts, providing new insight into the mechanistic basis behind the potent antifibrotic effects of FAK inhibitors (12, 14, 48, 49, (53) (54) (55) (56) (57) .
Integrin-mediated FAK mechanosignaling drives nuclear accumulation of transcriptional coactivators YAP and TAZ to promote cell survival (58) . Consistent with these findings, our results show that targeting YAP/TAZ-mediated mechanotransduction at the transcriptional level profoundly impaired survival of stiffness-primed myofibroblast by suppressing BCL-X L expression in these cells. Our data are consistent with recent findings demonstrating that survival of tumor cells with oncogenic BRAF mutation depends on YAP-mediated BCL-X L expression (43) . Together, the dependence of stiffness-primed cells on prosurvival BCL-2 family proteins such as BCL-X L creates a therapeutic opportunity to treat fibrosis in scleroderma patients, by inducing apoptosis of their myofibroblasts with drugs that control BCL-X L expression including FAK or YAP/TAZ inhibitors. Our study also unveils a new therapeutic strategy for the treatment of fibrosis based on induction of myofibroblast apoptosis by BH3 mimetic drugs, which have been developed to directly block and inhibit the function of prosurvival proteins such as BCL-X L . We have previously shown that increased mitochondrial priming in cancer cells is the basis for clinical responses to traditional chemotherapies in ovarian cancer, multiple myeloma, acute lymphocytic leukemia, and acute myelogenous leukemia (29, (44) (45) (46) . BH3 mimetic agents such as ABT-263, which targets BCL-X L , have been developed to selectively induce apoptosis of primed cancer cells (20, 59) . Here, we show that increased mitochondrial priming of myofibroblasts in dermal fibrosis can provide a similar therapeutic opportunity in scleroderma, making these cells similarly susceptible to apoptosis by BH3 mimetics targeting BCL-X L , such as ABT-263. Our data suggest that, in scleroderma, fibroblast-to-myofibroblast differentiation induced by matrix stiffness, rather than a genetic mutation in malignant cells, causes activated myofibroblasts to be susceptible to BH3 mimetic therapy, where quiescent fibroblasts in tissues with normal stiffness are not susceptible. Genetic knockdown of BCL-X L , or its pharmacological inhibition with ABT-263, induced apoptosis of stiffnessprimed myofibroblasts in vitro, and ABT-263 treatment reduced dermal fibrosis in the bleomycin mouse model of scleroderma, when administration was initiated after fibrosis was already established, by inducing myofibroblast apoptosis in vivo ( fig. S6 ). Agents able to induce the regression of established fibrosis would represent a substantial addition to currently available antifibrotic therapies, which only slow the progression of fibrotic diseases (37, 38) . ABT-263 is an orally bioavailable drug with demonstrated clinical efficacy in hematological malignancies, but drug development for this indication was shifted to ABT-199 when ABT-263 was found to induce platelet apoptosis and dose-limiting thrombocytopenia due to platelet dependence on BCL-X L , but not BCL-2, for survival (60) . Evidence that solid tumors more frequently up-regulate BCL-X L than BCL-2 has maintained interest in targeting BCL-X L , and the risk of thrombocytopenia could be manageable if the clinical efficacy of a BH3 mimetic targeting BCL-X L for solid tumors, or fibrotic diseases, was high enough (60) . A recent study has shown that cancer-associated fibroblasts are similarly primed for death and undergo apoptosis in response to treatment with ABT-263 (61), consistent with the notion that acquisition of an activated phenotype in fibroblasts increases the mitochondrial priming of these cells.
The clinical manifestations of scleroderma are extremely heterogeneous, which has complicated the evaluation of candidate drugs in clinical trials. Patients are currently stratified into disease subgroups based on the extent of cutaneous disease involvement and autoantibody profile. The molecular basis of scleroderma appears to be heterogeneous even within these clinical subgroups, suggesting that antifibrotic therapies targeting different molecular pathways may be required by different individual scleroderma patients. Understanding the molecular heterogeneity of scleroderma will be critical for this type of "personalized" medicine approach. Our results presented here suggest that BH3 profiling of dermal fibroblasts in skin biopsies may help stratify scleroderma patients and facilitate their individualized treatment. As we have demonstrated, BH3 profiling may be able to predict which scleroderma patients would respond well to BH3 mimetics by assessing the extent of dermal fibroblast mitochondrial priming. Our studies also suggest that BH3 profiling is a useful tool for detecting which antiapoptotic protein is more critical for survival of scleroderma fibroblasts, and thus, BH3 profiling may predict which specific BH3 mimetics and/or which specific inhibitors of mechanotransduction pathways individual scleroderma patients would respond to best. Together, we propose a personalized medicine approach to fibrotic diseases such as scleroderma, in which BH3 profiling is used to stratify scleroderma patients into more homogeneous cohorts based on their myofibroblast BH3 profile signature.
MATERIALS AND METHODS
Study design
The main goal of our study was to evaluate the BH3 mimetic drug ABT-263, a BCL-X L inhibitor, as a therapeutic agent for scleroderma fibrosis. Using BH3 profiling to assess mitochondrial priming (proximity of cells to their apoptotic threshold) in fibroblasts from scleroderma patients, we demonstrated that mitochondria from these cells are primed by death signals such as the proapoptotic BH3-only protein BIM, which creates a requirement for tonic expression of the antiapoptotic protein BCL-X L to sequester BIM and ensure survival. We hypothesized that BCL-X L promotes scleroderma fibroblast survival and that pharmacological inhibition of BCL-X L would induce apoptosis of these cells. Pharmacological inhibition of BCL-X L with the BH3 mimetic drug ABT-263 and siRNA-mediated BCL-X L knockdown experiments were performed in scleroderma fibroblasts to test our hypothesis in vitro. For experiments in vivo, the bleomycin-induced skin fibrosis model was chosen as a well-established animal model of scleroderma. Sample sizes were calculated by power analysis. In each experiment evaluating the effects of inhibition of BCL-X L by ABT-263 on the extent of dermal fibrosis produced in mice, n ≥ 8 mice per group were used to achieve statistical significance and account for the inherent variability in the fibrotic response of mice. Mice were randomly assigned to treatment groups. To test whether ABT-263 may hold therapeutic potential in skin fibrosis, ABT-263 was administered in a therapeutic regimen beginning 14 days after the onset of daily bleomycin challenges. ABT-263 injection and skin fibrosis measurements were double-blinded until statistical analysis. Skin fibrosis was quantified by Masson's trichrome staining on skin sections and hydroxyproline content in 6-mm skin biopsies. All sample measurements were blinded, and no animals were excluded from analysis. Each in vivo and in vitro experiment was performed in triplicate and repeated three times.
Mouse model of skin scleroderma Adult sex-and age-matched C57BL/6N mice at 6 to 8 weeks of age were purchased from the National Cancer Institute-Frederick Mouse Repository (Frederick, MD) and used throughout this study. All experiments were performed in accordance with National Institutes of Health guidelines and protocols approved by the Massachusetts General Hospital Subcommittee on Research Animal Care, and all mice were maintained in a specific pathogen-free environment certified by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC). Skin fibrosis was induced by daily subcutaneous injection of bleomycin (100 ml from a stock of 10 mg/ml) for 28 days, as previously described (33) . Sterile saline was used as control. ABT-263 and ABT-199 were administered daily by oral gavage in 10% ethanol, 30% polyethylene glycol 400, and 60% Phosal 50 PG at a dosage of 100 mg/kg body weight. At the conclusion of experiments, mice were sacrificed, and full-thickness 6-mm punch biopsies were obtained for histologic and immunohistochemical studies as well as hydroxyproline analysis.
Atomic force microscopy Mouse skin fresh tissue strips were mechanically characterized using an atomic force microscope (MFP-3D; Asylum Research) by performing microindentation using a sphere-tipped probe (Novascan) with a diameter of 5 mm and a nominal spring constant of 60 pN/nm. The cantilever spring constant was further confirmed by the thermal fluctuation method. The AFM system was calibrated by following the manufacturer's instruction before each indentation measurement. Forceindentation profiles were acquired at an indentation rate of 20 mm/s separated by 5 mm spatially in a 16 × 16 sample grid covering an area of 80 × 80 mm. Shear modulus at each point on the grid was calculated from fitting force-indentation data using a Hertz sphere model (62) , and the resulting shear modulus data were plotted in contour maps. For skin tissue, a Poisson's ratio of 0.4 (63) was used to convert elastic modulus (E) to shear modulus (G), using the relationship E = 2 × (1 + n) × G. Nonreplicative recombinant adenovirus expressing human a-SMA fused to red fluorescent protein (Ad-a-SMA-RFP) or shRNA against a-SMA and GFP (Ad-GFP-U6-a-SMA-shRNA) were generated, amplified, and purified by Vector Biolabs. Table S1 lists the primer and siRNA sequences used in this study.
Antibodies and reagents
Cell lines and treatments
Human foreskin fibroblasts (ATCC SCRC-1041) and primary normal dermal fibroblasts (ATCC PCS-201-010) were purchased from the American Type Culture Collection (ATCC) and cultured according to the vendor's protocol. Primary MDFs were isolated by outgrowth from explanted control and bleomycin-treated mouse skin and cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS; Lonza), penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37°C in a humidified atmosphere of 5% CO 2 . Cells were used between the second and sixth passages. YAP5SA-and TAZ4SA-expressing fibroblasts were generated and cultured as previously described (18) .
To test the effect of matrix stiffness on cell apoptosis, cells were seeded at 50 cells/mm 2 on collagen-coated polyacrylamide hydrogels with different stiffnesses (Young's modulus, 0.2, 0.5, 1.2, 4, 8, 12, 25, and 50 kPa). Cells were cultured in DMEM with 1% FBS for 48 hours before fixation for immunostaining. For drug treatments, PF-562,271, ABT-263, or ABT-199 was added after 48 hours of initial attachment, and cells were then incubated with inhibitors for 24 hours. For infection with recombinant adenoviruses, cells were transduced with control adenovirus (Ad-Null), Ad-a-SMA-RFP, or Ad-GFP-U6-a-SMA-shRNA for 6 hours using the indicated multiplicity of infection and incubated for 48 hours.
Cell viability assays
Fibroblasts plated on different stiffnesses were treated with the indicated drugs for 48 hours. Cells were stained with fluorescent conjugates of annexin V (Sigma) and/or propidium iodide (PI) and analyzed on a FACSCanto machine (BD Biosciences). Viable cells were annexin Vnegative and PI-negative, and cell death was expressed as 100% − % viable cells. Analysis was done with FlowJo software.
Flow cytometry
Single-cell suspensions were isolated from 6-mm skin biopsies using Liberase Blendzyme (final concentration, 0.14 U/ml; Roche) and deoxyribonuclease I (final concentration, 60 mg/ml; Sigma) for 45 min at 37°C. The number of cells isolated from each sample was counted with a hemocytometer. Cells were incubated with FcRII and FcRIII blocking antibody (BioLegend, clone 93) for 10 min at 4°C followed by staining with the following fluorophore-conjugated antibody panels: Alexa Fluor 700-conjugated anti-CD45.2 (BioLegend, clone 104), phycoerythrinconjugated anti-Siglec-F (BD Biosciences, clone E50-2440), Brilliant Violet 605-conjugated anti-CD11c (BioLegend, clone N418), phycoerythrincyanine 7-conjugated anti-MHC (major histocompatibility complex) class II (BioLegend, clone M5/114.15.2), Brilliant Violet 421-conjugated anti-CD103 (BioLegend, clone 2E7), Brilliant Ultraviolet 395-conjugated antiCD11b (BD Biosciences, clone M1/70), allophycocyanin-conjugated anti-CD64 (BioLegend, X54-5/7.1), peridinin chlorophyll-cyanine 5.5-conjugated anti-Ly6C (BioLegend, clone HK1.4), and fluorescein isothiocyanate-conjugated anti-Ly6G (BioLegend, clone 1A8). eFluor 780 fixable viability dye (eBioscience) staining was performed to exclude dead cells. Flow cytometry was performed using a BD LSRFortessa X-20 cell analyzer, and FlowJo software was used for analysis.
Normal human and scleroderma fibroblasts Six-millimeter punch biopsies from the forearm of healthy individuals and scleroderma patients with clinical cutaneous involvement were performed under protocols approved by the Institutional Ethics Committee (Centre de Recherche du Centre Hospitalier de l'Université de Montréal, Montreal); all scleroderma subjects were part of the registry of the Canadian Scleroderma Research Group and provided written informed consent. These biopsies were used for isolation and culture of skin fibroblasts. The biopsies were extracted from six normal female donors (control subject ages ranged from 49 to 65 years old) and six female scleroderma patients with clinical cutaneous involvement of the biopsied site (patient ages ranged from 45 to 63 years old). Cells were cultured in DMEM with 10% FBS (Lonza) and used between the second and fifth passages.
BH3 peptide synthesis
Peptides were synthesized and high-performance liquid chromatographypurified at the Tufts University Physiology Core Facility. A total of 10 mM peptide solutions in dimethyl sulfoxide (DMSO) were stored at −80°C.
DYm BH3 profile HDFs were cultured on matrices with different stiffnesses for 24 hours and then trypsinized and suspended in T-EB buffer [300 mM trehalose, 10 mM Hepes-KOH (pH 7.7), 80 mM KCl, 1 mM EGTA, 1 mM EDTA, 0.1% bovine serum albumin, 5 mM succinate]. Single-cell suspensions were washed in T-EB before being resuspended at four times their final density. Cells were then added to an equal volume of 4× staining mastermix [4 mM JC-1, oligomycin (40 mg/ml), 20 mM 2-mercaptoethanol, and 0.02% digitonin in T-EB buffer]. A total of 15 ml of the 2× cell/dye mix was added to wells containing 15 ml of peptides at 2× final concentration in T-EB to yield the final profiling plate with 20,000 cells per well in a black 384-well plate (BD Falcon no. 353285). BIM, BID, BAD, PUMA, PUMA2a, and HRK BH3 peptides were used at 100 mM; MS1 peptide was used at 10 mM in T-EB. Fluorescence at 590 nm was monitored using 545-nm excitation on a Tecan Safire 2 at a controlled temperature of 30°C with automated readings every 5 min. Individual analyses were performed using triplicates for DMSO, FCCP, and the different BH3 peptides used, and the expressed values represent the average of three different readings. The area under each peptide response curve was calculated using GraphPad Prism, and these areas were normalized to the internal FCCP and DMSO controls as Depolarization (%) = 1 − ([sample-FCCP]/[DMSO-FCCP]).
Statistical analysis
Sample sizes were calculated by power analysis. In each experiment evaluating the effects of inhibition of BCL-X L by ABT-263 on the extent of dermal fibrosis produced in mice, n ≥ 8 mice per group were used to achieve statistical significance. Sample sizes were estimated based on an 80% power to detect a 50% reduction in the amount of fibrosis present in mice treated with ABT-263 compared with wild-type control mice, accepting a type I error rate of 0.05. Animals were distributed into groups of equal body weight. No animals were excluded from the analysis. Experimental data were analyzed by unpaired Student's t test for differences between each of the experimental conditions, two-way analysis of variance (ANOVA) for overall condition effects, two-tailed Spearman rank for correlation, or nonlinear dose-response curve fitting for EC 50 calculation using GraphPad Prism 5.0 software. The P values obtained are indicated in the figures and figure legends when statistically significant. P < 0.05 was considered significantly different between groups. All data displayed a normal distribution. Data are reported as means ± SD.
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